Abstract: A vast body of literature has revealed that dysregulation of the hypothalamicpituitary-adrenal (HPA) stress axis is associated with etiology of major depressive disorder (MDD). There are many ways that the dysregulation of the HPA axis can be assessed: by sampling diurnal basal secretion and/or in response to a stress task, pharmacological challenge, and awakening. Here, we focus on the association between cortisol awakening response (CAR), as one index of HPA axis function, and MDD, given that the nature of this association is particularly unclear. Indeed, in the following selective review, we attempt to reconcile sometimes-divergent evidence of the role of CAR in the pathway to depression. We first examine association of CAR with psychological factors that have been linked with increased vulnerability to develop depression. Then, we summarize the findings regarding the CAR profile in those with current depression, and evaluate evidence for the role of CAR following depression resolution and continued vulnerability. Finally, we showcase longitudinal studies showing the role of CAR in predicting depression onset and recurrence. Overall, the studies reveal an important, but complex, association between CAR and vulnerability to depression.
Introduction
Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis both at rest and in times of stress has been associated with major depressive disorder (MDD) in children and in adults. [1] [2] [3] [4] [5] However, the nature, in terms of direction, mechanisms, and predictive capacity, of the association between one specific index of HPA axis function -the cortisol awakening response (CAR) -and MDD still remains unclear. Thus, in the following pages, we review some of the evidence to date linking CAR to vulnerability to depression. The focus on the CAR is warranted, since it has been suggested that CAR is more sensitive to moderate degrees of depression than traditional (albeit, in some cases, currently considered outdated) measures of the HPA axis, such as the dexamethasone (DEX) suppression test (DST). 6 In addition, CAR is the most straightforward measure of dynamics of the HPA axis that can be obtained reliably in ambulatory setting, 7 which carries important implications with respect to its potential usage in prevention and intervention efforts. We first provide brief background information on what is CAR, and how certain factors affect it in a healthy population; then, we evaluate CAR's relationship to select factors related to vulnerability to depression and depressive state, as well as prediction of depression in healthy populations and in primary depression populations (current or remitted). Notably, this is not meant to be an exhaustive review but rather a concise overview of the key findings related to CAR and MDD to date. This summary may serve as a platform for developing new studies and furthering our understanding of CAR's role in the depression trajectory.
The CAR is thought to reflect the sensitivity of the HPA axis to a natural challenge (the awakening), but it may also play an important role in other awakening-induced processes such as restoration of consciousness and full alertness, changes in other hormones, and the balance of the immune system, as well as mobilization of the motor system. [8] [9] [10] In healthy participants, CAR involves a sharp increase in cortisol secretion following awakening, which peaks at between 30 minutes and 45 minutes and returns to baseline at 60 minutes postawakening. 8, 11, 12 Across healthy adults, the magnitude of peak increase ranges in anywhere from 50% up to over 100% compared to baseline. 10 The CAR is typically assessed on minimum of 2 days, as it has been shown that this increases the reliability of the measure. 13, 14 The change in CAR can be calculated in many ways, including change over time across multiple time points within the first 60 minutes, delta between the peak cortisol level and baseline, or area-under-the-curve (AUC) summary measures which can include AUC with respect to increase from baseline (AUCi or AUCnetto) or from ground or zero (AUCg or AUCtotal).
As CAR is initiated by awakening, its regulatory system is relatively distinct from cortisol regulation throughout the day. Indeed, CAR is influenced by the hypothalamic suprachiasmatic nucleus (SCN), with both the HPA axis and the sympathetic nervous system playing a role in "fine tuning" this direct neural input moving to the adrenal cortex. 10, 15 For example, it has been suggested that interaction between the SCN function and regulatory mechanisms controlling the HPA axis (eg, input from the hippocampus) may underlie the change in adrenal sensitivity to ACTH from being reduced pre-awakening to being increased post-awakening, thus contributing to the cortisol surge in response to awakening. 10 Studies in healthy population have also shown that certain sociodemographic variables, as well as cortisol sampling procedures and physical health indicators, are related to CAR. For example, women typically show a higher CAR compared to men, 11, 14 although some studies found no difference. 16, 17 Furthermore, older age seems to be associated with lower CAR, 17 although some authors observed no effect. 11, 14, 18 In addition, the day of the week (weekday greater than weekend), 19, 20 time of awakening (earlier awakening time being linked to higher CAR), 16, 17, 21 and possibly seasonal influences 22 have been shown to affect the CAR. Finally, physical health indicators such as general good health have been linked to higher CAR, 17 while smoking has been associated with both higher, slightly flattened CAR and no difference. 12, 23, 24 Therefore, it is important that these factors be controlled for in any study investigating relevance of CAR to vulnerability to depression.
Genetic and environmental influence on CAR
To date, there have been several studies examining genetic influence on the CAR profile. These studies investigated monozygotic (MZ) and dizygotic (DZ) twin pairs. First, they examined correlations between twins for CAR-related measures of interest in order to assess the similarity between twins, and then, they compared the twin correlations for MZ and DZ twin pairs which provided information about the importance of additive genetic factors, shared environmental factors (environmental influences that make twin siblings similar to each other), and non-shared environmental factors (environmental influences that make twin siblings different from each other). Finally, models were fitted to the data in order to decompose the phenotypic variance of each CAR measure into additive genetic (A), shared environmental (C), and non-shared environmental (E) components; a full univariate ACE model was then compared against AE, CE, and E models. All studies suggested that the AE model offered the best fit. In a sample with a wide age range (8-64 years), Wust et al reported heritability estimates of 0.40 for the mean increase (average of 30 minutes, 45 minutes, and 60 minutes compared to baseline) and 0.48 for AUCi; they did not observe any genetic influence on cortisol levels at awakening or daytime cortisol profile. 12 In a study examining 12-year-old boys and girls on two school days, significant genetic influences were found for awakening sample (22%, 24%), second sample taken on average approximately 45 minutes post-awakening (56%, 59%), and at 12 hours 30 minutes (30%, 21%) for each day. 25 Another study on children (9-16 years of age) observed that heritability was highest (60%) for cortisol levels at approximately 30 minutes post-awakening but less pronounced for measures immediately after awakening (28%) and low for the evening levels (8%). 26 Similarly, genetic model fitting showed heritability at 34% for cortisol level at awakening and 32% for cortisol level at 30 minutes after awakening but not for cortisol levels later during the day. 27 Interestingly, another study of middle-aged men again showed high cortisol heritability estimates for cortisol measures at awakening (0.56), 30 minutes after awakening (0.48), and mean CAR (0.64), followed by cortisol levels at 10:00 hours (0.42) and mean output across the day (0.43); however, these associations emerged only when laboratory visits were considered. 28 Indeed, twin correlations for the 
1183
Cortisol awakening response and depression samples obtained at home were low. The authors specifically suggested that cortisol levels are correlated in identical twins only when they undergo similar experiences. 28 For example, given that these adult twins lived and worked apart, their experiences and demands on the HPA axis on the home day would likely differ; on the other hand, the lab environment (that includes elements of novelty and unpredictability) would represent a more standardized and likely heightened demand on the HPA axis. Along those lines, on the test day, only MZ pairs' ratings of stressfulness were significantly correlated, while, on the home day, neither MZ nor DZ twins' ratings of home day's stressfulness were correlated. Overall, these findings revealed that while measures of cortisol related to awakening are under significant genetic influence, genetic factors influence cortisol responses to specific environmental stressors. Given that 1) the CAR is under the regulation of the circadian clock system (which includes the "master" clockthe SCN, and "slave" peripheral clocks operating in all organs and tissues), 29 2) the circadian clock system interacts with stress systems, 30,31 and 3) cortisol can influence expression of several circadian clock-related genes and thus plasticity and function of regulatory neural regions, 29 it is not surprising that contribution of genes to CAR is likely not static.
Overall, these findings highlight possible importance of CAR in capturing both trait and state levels of one's vulnerability to depression.
CAR and psychological traits related to depression vulnerability
Certain psychological traits such as neuroticism, hopelessness, negative affect, subclinical depression, or family history of MDD have been associated with increased vulnerability to develop depression. [32] [33] [34] In addition, perseverative cognition including rumination and worry has been linked to mood disorders, both depression and anxiety. 35 Thus, one way to evaluate relevance of CAR with respect to depression is to examine in what way some of these risk factors for depression have been linked with variability in CAR.
Neuroticism
Results from studies related to association between neuroticism and CAR have been inconsistent. In a study of 15 individuals with high neuroticism scores compared to 15 participants with low scores, Portella et al observed that those with high levels of neuroticism showed increased cortisol levels from +30 minutes to +60 minutes post-awakening. 36 In addition, in the subjects with high neuroticism scores, the CAR AUCi for the first 60 minutes was positively associated with neuroticism levels. Similar positive association was also observed between neuroticism levels and CAR defined as percentage difference between maximum and mean morning cortisol in a sample of 69 healthy adults. 37 On the other hand, another study in healthy Mexican-American adults observed a negative association between cortisol levels at +45 minutes and +60 minutes post-awakening and neuroticism levels, which was moderated by levels of acculturation (to American society). Specifically, among the high acculturated (ie, those who had greater Anglo orientation), greater neuroticism was associated with significantly attenuated CAR profile. 38 Finally, several studies found no association between CAR measures and neuroticism scores in adolescents, 39, 40 in a large sample with a wide age range 41, 42 and among college samples. 43, 44 Thus, while some authors observed no association between neuroticism and CAR, others found a positive relationship, while others still observed a negative one, which was accentuated by levels of acculturation.
Hopelessness reactivity
Along the hopelessness theory of depression, 45 it has been shown that negative attributional style can predict greater depressive symptom reactivity in response to stress. 46 In addition, hopelessness reactivity can mediate association between neuroticism and depression vulnerability, particularly in those with previous history of depression. 47 Despite the relative relevance of hopelessness to depression, few studies have investigated its association with CAR. Namely, Sjogren et al assessed hopelessness in 257 men and women, by examining to what degree participants endorsed the following two statements "I feel that it is impossible to reach the goals I would like to strive for" and "The future seems to me to be hopeless, and I cannot believe that things will change for the better"; they found a tendency for negative association with cortisol levels 30 minutes post-awakening, when controlling for relevant sociodemographic factors. 48 Another study assessed hopelessness reactivity to normal mood variations (eg, "When I feel down, I more often feel hopeless about everything") in a healthy sample of 381 participants and observed that it was positively associated with CAR AUCi; the authors controlled for sex, age, awakening time, work status, season, and cardiovascular disease, as well as sleep duration, smoking, and physical activity. 41 Thus, while high endorsement of general hopelessness seems to be negatively associated with CAR, hopelessness reactivity to sad mood is positively associated. 
Rumination and worry
Thoughts and behaviors that repetitively focus one's attention on his or her negative feelings and consequences of those feelings, 49 as well as apprehensive expectations of possible negative outcomes in the future, 35 maintain depressive mood and bring on a host of negative consequences. 49 One study observed that high-trait self-focused rumination and less improvement of sad mood after induced distraction were both associated with a decreased CAR. 50 Furthermore, a sample of teachers endorsing high levels of work-related worry/ruminative thinking had flatter CAR the following morning compared to those with low levels of work-related rumination. 51 
Subclinical depression
Subclinical depression may represent a milder condition on the depression severity continuum [52] [53] [54] as well as the precursor for the full disorder. 55 Therefore, heightened subclinical depression is an important vulnerability factor for MDD.
Several studies specifically investigated association between subclinical levels of depression and CAR.
Dedovic et al separated young adult males and females into three groups -controls, and moderate and high subclinically depressed -and observed increased flattening of cortisol levels over the first hour with each increase in severity of subclinical depression. In addition, lower CAR AUCi was found in high subclinical depression compared to the control group, with moderate subclinical depression group showing AUCi levels in between these two groups. 56 Another study by Mangold et al investigated 55 MexicanAmerican males and females (18-38) with low, moderate, and high subclinical depression symptoms. They showed that high compared to low-moderate subclinical depression symptoms were associated with flattening of the CAR. Further analyses revealed that attenuated delta between +30 minutes post-awakening vs awakening levels was a significant contributor to subclinical depressive symptomatology over and above emotional abuse, sexual abuse, general trauma, and physical punishment. 57 On the other hand, a study examining young males, whose scores on the Hamilton Depression Inventory were within the low, nonclinical range, revealed a positive association between low, nonclinical depression levels and CAR AUCi. 58 Similarly, high-trait negative affect has been associated with increased cortisol rise in the morning specifically in healthy men. 18 Finally, null findings related to trait negativity in young women, 59 and both trait negativity and depression scores in a large sample of community-dwelling men 60 have been reported.
Family history of depression
Another factor of high importance with respect to depression vulnerability is family history of depression. For example, recent meta-analysis revealed combined twofold (odds ratio (OR) =2.14) increased familial risk of MDD for child and adult first-degree relatives of one proband with MDD. 61 Earlier meta-analyses revealed slightly higher ORs: one focusing only on adults estimated an increased risk of 2.84, 62 while another, focusing specifically on child first-degree relatives of MDD probands, estimated the increased risk to be approximately threefold (OR =3.21).
63 Not surprisingly, participants who had not been depressed themselves but have family history of depression represent an important model for depression vulnerability.
In a sample of 94 children, it was observed that maternal history of melancholic depression and child temperamental low positive emotionality were significantly associated with higher morning cortisol, assessed only at +30 minutes post-awakening. 64 Two other studies examining healthy young adults observed similar effects. Specifically, those with family history of depression showed greater CAR levels in the first 30 minutes post-awakening compared to control participants. 65 Furthermore, as compared with unaffected participants without parental history, unaffected individuals with diagnosed parental history of depression or anxiety showed a significantly higher CAR at +30 minutes, 45 minutes, and 60 minutes post-awakening, which was similar to that observed in the participants with depression or anxiety disorders. 66 Therefore, having parental history of depression seems to be associated with higher CAR even if participants are currently asymptomatic.
What process in the trajectory to depression does CAR index?
Although associations have been found between CAR and various risk factors for depression, it still remains unclear which process in the trajectory to depression that CAR indexes? Along those lines, it has been proposed that CAR is an index of anticipation of stressors to come. For example, several studies have observed an increase in CAR on working day 19, 20 compared to weekend day. Some have suggested that anticipatory stress before going to work contributes to these increases in morning cortisol. For example, individuals who reported higher work overload scores and worry over the course of the last year showed more pronounced CAR on weekdays. 20 Similarly, in a study of healthy undergraduate students, Zoccola et al observed that those participants who ruminated and/or worried the night before had higher CAR 
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Cortisol awakening response and depression profile (both over time, AUCi, and delta change at 30 minutes post-awakening) compared to those who neither ruminated nor worried. 67 Along similar lines, increase in CAR may also be in response to negative mood the day before. For example, in a large sample of healthy older adults, prior-day feelings of loneliness, sadness, threat, and lack of control were associated with a higher cortisol level at +30 minutes post-awakening the next day. 68 Furthermore, in a sample of adolescents oversampled for high levels of neuroticism, it was reported that higher levels of feeling lonely or sad the day before were associated with increased levels of CAR the following morning. 69 It has also been suggested that CAR is rather an index of coping, although negative 70 and null findings 68 have been reported. Specifically, Powell and Schlotz showed that in a small healthy sample with a wide age range, higher CAR increases (assessed as CAR AUCi) were associated with attenuated distress responses to daily life stress assessed on multiple occasions throughout the day, on two consecutive weekdays, adjusting for age, sex, sleep quality, time of awakening, and oral contraceptive use; importantly, this effect was not due to prior-day CAR increases but specific for same-day CARs. In addition, no associations were found between stress anticipation and CARs. 71 Other studies that assessed negative states only once a day and in the evening revealed that in adolescent females, increased CAR on a weekend was associated with higher levels of depression, anxiety, fatigue, and confusion in the evening of the same day, 70 while in older participants, the CAR measure was not associated with states of loneliness, sadness, threat, and lack of control. 68 Overall, despite some contradictory findings, CAR increase could be associated with successful coping with same-day daily life stress.
It is also important to note here that when it comes to the idea of CAR as an index of coping, one additional dimension of CAR should be taken into account -flexibility of the CAR. This dimension could potentially serve as an index of adaptation to demand or coping success over time but remains understudied. Indeed, only one study assessed CAR on 3 days (Sunday, Monday, and Tuesday) and examined associations between both CAR magnitude and CAR flexibility (weekend levels vs weekday levels) and levels of happiness, neuroticism, and perceived stress in healthy, employed males. 72 When considering the CAR magnitude, as would be expected from the literature, inconsistent associations emerged; however, when CAR flexibility was assessed, a consistent pattern emerged. Specifically, resilient psychological profile (high happiness, low neuroticism, and low stress) was associated with a flexible CAR (lower CAR during weekends than during work days), while vulnerable profile (low happiness, high neuroticism, and high stress) was associated with a stiff CAR (same magnitude during weekdays and weekends).
72

CAR and depression
As is the case between CAR measures and depression risk factors, depression itself has also been associated with both increased and lowered or blunted (nonsignificant, nominal change in) CAR. A large study investigating current middleaged depressed subjects found that, in comparison to control subjects, patients showed a higher CAR. 73 Similar association was found in a sample of adolescent females 74 as well as young adult women, currently suffering from depression. 59 Higher CAR levels have also been observed in a remitted middle-aged depressed sample using medication, 73 as well as in medication-free remitted depressed patients. [75] [76] [77] However, others have observed a blunted CAR in young adult women with current mild-to-moderate clinical depression, 78 as well as in older people with a depressive disorder. 79 Further, in an outpatient population with major depression, more severe levels of depression were more likely associated with flattened diurnal cortisol patterns, 80 and a lower CAR delta has been observed in depressed patients compared to patients with other psychiatric diagnoses. 81 It has been suggested that the discrepancy between the findings might be related to depression severity, 82 as well as how a depressive state is defined. For example, a recent study investigated association between depression levels, assessed as both a Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV categorical variable and a dimension measure of a mood questionnaire, and CAR, in groups of outpatients (depressive, anxiety, and comorbid depressive and anxiety disorders) and controls. 83 This approach revealed no group differences with respect to CAR when categorical distinctions between groups were applied. However, when nonlinear association was assessed across the whole sample, there was an inverted U shape function explaining the association between anhedonic depression levels and AUC of the CAR, while controlling for the presence of different outpatient groups. Specifically, individuals with low or mild anhedonic depression levels showed similar CAR AUC as controls and those with moderate levels showed an increase, while those with severe levels showed a decrease in CAR AUC compared to controls. 83 This association has since been replicated in a large sample of 1,029 participants with a lifetime depression and/or anxiety disorder from the Netherlands Study of Depression and Anxiety. 84 The authors observed a 
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Dedovic and Ngiam significant nonlinear (inverted U shape) association between CAR AUCi with general distress, anhedonic depression, and anxious arousal, even when controlling for confounders stemming from sociodemographic factors, cortisol sampling factors, and physical health of participants; the association was deemed generalizable to complete spectrum of healthy subjects, and current and remitted patients.
84
Prospective studies on CAR and depression
Given the associations observed with both depressive risk factors and depressive episode or history of depression, effort has been exercised in investigating whether CAR levels may serve to prospectively predict depression onset. To this end, Adam et al investigated a large sample of 230 late adolescents to test whether CAR levels assessed across three consecutive typical weekdays can predict depression onset 1 year later. Indeed, they revealed that specifically higher CAR AUCi was associated with increased odds of having an episode over the follow-up period (with OR =3.0); importantly, age and sex, health, baseline neuroticism, stressful life events, and past episodes of mood and anxiety disorders were included as covariates. In this study, the authors also assessed objective levels of stress experienced by the participants. The authors observed that introduction of CAR did not reduce the association between life stress levels in the past year and the development of MDD, which suggested that CAR is independently associated with the development of MDD and is likely not a mediator of the association between recent life stress events and the development of MDD. 85 By continuing the follow-up of this cohort, VrshekSchallhorn et al showed that higher levels of CAR at baseline predicted major depressive episodes (MDEs) for 2.5 years following cortisol measurement. 86 Notably, elevation in CAR did not significantly increase vulnerability to prospective objective major stressful life events but did predict depressive episode recurrences more strongly than first onsets. Specifically, CAR magnitude was similar between individuals suffering from first-onset MDE or recurrent MDE; however, CAR appeared particularly important in predicting whether someone with history of depression will experience a new MDE. The authors suggested that a high CAR may represent a time-limited risk factor for onsets of MDEs, which increases risk for depression being independent of future major stressful life events. 86 This time-limited association between CAR and depression is inadvertently supported by another study examining a sample of 841 healthy 15-year olds that found no association between CAR levels at baseline and development of depression 3 years later (at 18 years of age). 87 Finally, Hardeveld et al assessed whether HPA axis parameters including CAR, DST, and evening cortisol, obtained at baseline, predict time to recurrence in 549 subjects with a lifetime diagnosis of MDD in remission for at least 6 months preceding the baseline assessment. Specifically, at baseline, on day 1, participants completed salivary samples at home to establish the CAR profile and the diurnal rhythm. Then, after the last sample (collected at 11 pm) on day 1, participants ingested 0.5 mg of DEX. The DEX suppression was measured using the cortisol sampling the next morning upon awakening. Time to the first new MDD episode was assessed prospectively at 2-year and 4-year follow-up. In this study sample, 41.3% had no depressive symptoms in the 5 years preceding baseline, and only 51.4% had one MDE in the past, which suggests that participants in this study did not have a chronic recurrent course in the recent past. A Cox regression analysis revealed that higher CAR AUCi was associated with time to recurrence of MDD and that this relationship was not dependent on objective number of stressful life events that occurred prior to the baseline assessment; evening cortisol levels and cortisol suppression after DEX ingestion were not related to time to recurrence. 88 Here, it is noteworthy that the lack of association between recurrence and cortisol levels in response to DST test might be due to the lack of sensitivity of the test. 89, 90 Indeed, the current gold standard is the dexamethasone/corticotrophin-releasing hormone (DEX/CRH) test, 89, 90 and it has been shown that persisting cortisol hypersecretion on DEX/CRH test enhances the risk for relapse within the following 6 months. 91, 92 Overall, this study suggests that among those who have previously experienced a depressive episode, those with higher CAR are more vulnerable to recurrence of MDD.
Conclusion
The work to date reveals that CAR is highly heritable which indicates that to a certain degree, it is a trait-like feature; however, as it is also greatly influenced by environmental and situational factors, it can also serve as an index of one's overall vulnerability to depression as it relates to stressful experiences, particularly with respect to daily stressors. Results from the longitudinal studies showing increased CAR being linked with depression onset and recurrence, independently of stressful life events, seem to be at odds with this hypothesis. However, it is worth noting that these studies assessed number of occurrences of objective stressful experiences, in the last year. Yet, when it comes to the link between stress and depression, it is not only the number of major stressful events experienced but also the level of daily hassles experienced, 93, 94 as well as type of stress (eg, personally targeted social stressors are more salient) 95 and one's subjective or perceived levels of stress and coping abilities that are of importance. Thus, CAR might not mediate or moderate the association between number or severity of objective major stressors and depression onset, but rather, it might be more attune to experiences of daily hassles as well as to the degree to which one feels stressed or threatened, and particularly, to the degree that one can cope with a stressor (major or minor). In that case, CAR would also be particularly relevant when it comes to recurrence of depression (as has been shown 86 ), given that the onset of the first depressive episode is often linked to experience of a major stressful event, while the subsequent episodes could be triggered by more minor events, due to stress sensitization. 96 The results to date suggest that in the healthy populations, increased CAR is particularly relevant to being able to meet specific demands of the upcoming day (eg, workday vs weekend), and decrease of stress on that specific day, and therefore has been linked to coping. One could speculate that this link may become dysregulated once coping employed is inefficient in eliminating feeling of stress over time. In that case, heightened CAR (and possibly inflexible or stiff CAR) may switch from signaling coping to signaling anticipation of stress of the next day. As previously suggested, 84 it is likely that at a certain threshold, persistent increased CAR may be downregulated, and become blunted. This could account for why some studies have observed heighted CAR and others blunted CAR to be related to poor mental health profile as related to depression.
Both of these hypotheses need to be tested in future studies. Overall, the studies reveal a complex and important association between CAR and vulnerability to depression.
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